Giardia and Cryptosporidium levels were determined by using a combined immunofluorescence test for ifitered drinking water samples collected from 66 surface water treatment plants in 14 states and 1 Canadian province. Giardia cysts were detected in 17% of the 83 filtered water effluents. Cryptosporidium oocysts, were observed in 27% of the drinking water samples. Overall, cysts or oocysts were found in 39% of the treated effluent samples. Despite the frequent detection of parasites in drinking water, microscopic observations of the cysts and oocysts suggested that most of the organisms were nonviable. Compliance with the filtration criteria outlined by the Surface Water Treatment Rule of the U.S. Environmental Protection Agency did not ensure that treated water was free of cysts and oocysts. The average plant effluent turbidity for sites which were parasite positive was 0.19 nephelometric turbidity units. Of sites that were positive for Giardia or Cryptosporidium spp., 78% would have been able to meet the turbidity regulations of the Surface Water Temperature Rule. Evaluation of the data by using a risk assessment model developed for Giardia spp. showed that 24% of the utilities examined would not meet a 1/10,000 annual risk of Giardia infection. For cold water conditions (0.5°C), 46% of the plants would not achieve the 1/10,000 risk level.
The Surface Water Treatment Rule (SWTR) was enacted by the U.S. Environmental Protection Agency primarily as a means of controlling outbreaks of Giardia spp. and enteric viruses (20) . For systems that filter and disinfect, the rule stipulates the following. (i) Systems would be required to meet design and operating criteria specified by the state (or other primary agency) to ensure overall removal and/or inactivation of at least 99.9% of Giardia cysts and 99.99% of enteric viruses. (ii) Systems would be required to continuously monitor disinfectant residuals and ensure that at least a 0.2-mg/liter disinfectant residual would enter the system at all times. It is expected that the disinfectant residual would supplement the filtration process by achieving at least a 0.5 log1o inactivation factor. (iii) Finally, systems would be required to ensure that filtered water turbidities be less than or equal to 0.5 nephelometric turbidity unit (NTU) in 95% of the measurements take<* every month. Turbidity measurements would be required to be taken every 4 h. In some cases the state could impose less-stringent turbidity restrictions where filtered water turbidities could be less than or equal to 1 NTU in 95% of the measurements, but in no cases could the filtered water turbidities exceed 5 NTU.
Exactly how implementation of filter performance criteria will protect finished water from waterborne transmission of parasites is unclear. For example, filter plants are required to meet a 0.5-NTU limit, but research has shown that sudden changes in filter turbidity are more important than the level itself. Logsdon et al. (15) showed that Giardia cysts could pass through treatment filters with relatively small changes (0.2 to 0.3 NTU) in turbidity levels. Logsdon et al. reported that, even when filters operated properly, Giardia levels ranged between 3 and 10 cysts per liter in filter effluents of plants with source water of poor quality.
Another problem is related to the judgment of what is adequate performance. Improved detection procedures, for example, may change the research conclusions on which the * Corresponding author. filter performance concept is based. LeChevallier et al. (14) showed that the combined immunofluorescence antibody procedure recovered substantially more Giardia cysts than the reference technique upon which most of the data for the SWTR were based. In addition, until questions regarding cyst viability can be adequately addressed, overall plant performance can only be indirectly assessed.
Recently, Cryptosporidium spp. have been recognized as waterborne pathogens (3, (6) (7) (8) 19 ). There are no filter performance criteria for Cryptosporidium oocysts and little data to make decisions regarding optimum water treatment practices for the organism. Rose (17) detected Cryptosporidium oocysts in 2 of 10 filtered water supplies in the western United States. Ongerth, in a roundtable discussion (2), reported finding Cryptosporidium oocysts in half of the two dozen filter effluent samples examined from a newly designed slow sand filtration plant.
The purpose of this study was to examine 66 surface water filter plants to evaluate how compliance with the SWTR would control the occurrence of Giardia and Cryptosporidium organisms in drinking water supplies. The study examines the factors related to the occurrence of Giardia and Cryptosporidium spp. in filtered water and evaluates the data within the context of a risk assessment model.
MATERIALS AND METHODS
Descriptions of the sampling sites (13) and immunofluorescence methodology (12, 13) have been previously given. In all cases, the treated water was chemically conditioned before filtration. No apparent outbreaks of giardiasis or cryptosporidiosis were observed in any of the systems tested.
Quality assurance tests were performed on sampling units and all materials used in the assay to ensure that they were free of parasite contamination. These negative control samples were processed for detection of Giardia and Cryptosporidium organisms as previously described (12, 13 (17) has reported detecting Cryptosporidium oocysts in 2 of 10 filtered water samples and 2 of 4 unfiltered potable water supplies in the western United States.
The outbreak of cryptosporidiosis in Carrollton, Ga., occurred in a system that practiced full conventional treatment (8) . The treatment chain included the addition of alum, lime, and chlorine, rapid mixing, mechanical flocculation, sedimentation, and rapid sand filtration. Although there were a number of deficiencies found in the treatment system, the plant did meet current federal standards for coliform bacteria and turbidity. Similarly, the outbreak in Swindon and Oxfordshire, England, occurred in a system that practiced full conventional, rapid sand filtration (3, 5) . The finished water had a turbidity of 0.2 to 0.4 NTU, with a free chlorine residual of 0.4 to 0.5 mg/liter, and contained no coliform bacteria.
In this study, despite the frequent detection of Cryptosporidium spp. in filtered drinking water, no outbreaks of cryptosporidiosis were apparent. The levels of oocysts in the outbreaks in Georgia and England were much higher than the levels observed in this study. Analyses performed after (10) . There were no apparent outbreaks of giardiasis in the systems studied.
Treatment of Giardia and Cryptosporidium spp. Analysis of treatment plant configurations showed that granular activated carbon (GAC) and rapid sand filters were more likely to have effluent samples positive for cysts or oocysts than dual-or mixed-media filters. More than 60% (20 ' Data have been tabulated for sites which were positive (n = 32) or negative (n = 50) for Giardia or Cryptosporidium organisms or both. Also shown are the number of sites which used the particular treatment process (i.e., 4 of the 32 positive sites used a filter-to-waste process while 10 of 50 negative sites used a ifiter-to-waste process). Filter run time averaged 39 h for parasite-positive sites and 44 h for sites where parasites were not observed.
spp. (Table 1 ). However, the raw water parasite densities for these filters were generally higher than for parasite-negative treatment plants. GAC filter plants are frequently used when the source water quality is poor. These results suggest that high raw water parasite densities may overcome filtration and enter finished water supplies. This conclusion is supported by the observation that parasite-positive treatment plants had an average 2.14 log1o removal of Giardia spp. and an average 2.38 log1o removal of Cryptosporidium spp. (parasite-negative plants had a >2.45 log1o removal for Giardia spp. and a >2.22 log1o removal for Cryptosporidium spp.). The results show that treatment plants can have high removal efficiencies of parasites and still detect organisms in finished drinking water samples. Logsdon et al. (15) reported that even when filters were operated properly, Giardia levels ranged between 3 and 10 cysts per liter in filter effluents of plants with source water of poor quality. The fact that filtration is not 100%o effective places a significant reliance on disinfection, particularly at locations with high source water counts. In addition, the results discussed are based on microscopic detection and do not reflect cell viability.
It should be emphasized that the utilities examined in this study were well-run and well-maintained facilities. This fact may be related to the reason why no operational parameters could account for the presence of cysts or oocysts in effluent waters (Table 2) . For example, 4 of 32 (12.5%) sites that were parasite positive practiced a filter-to-waste process, while 10 of 50 sites (20%) that were parasite negative practiced a filter-to-waste process. Similarly, there was no difference in surface wash procedures, filter run times (and backwashing frequencies), filter condition, plant design (conventional versus other configurations) or choice of coagulant. It should be noted, however, that both direct filtration plants examined contained low levels of cysts or oocysts in treated effluents.
Relationship between turbidity and parasite removal. The SWTR prescribes that utilities must maintain effluent turbidities for conventional filters of O0.5 NTU in 95% of the monthly samples. We found that the average plant effluent turbidity for sites that were parasite positive was 0.19 NTU. For comparison, the average plant effluent turbidity for sites that were parasite negative was 0.18 NTU. The results show that production of low-turbidity water did not ensure that the plant effluent would be cyst or oocyst free.
The vast majority (78.1%) of sites that were positive for Giardia or Cryptosporidium spp. would have been able to meet the turbidity regulation of the SWTR. Logsdon et al. (15) showed that Giardia cysts could pass through treatment filters with relatively small changes (0.2 to 0.3 NTU) in turbidity levels. Conversely, 18% of the sites which were parasite negative did not meet the SWTR guideline of 95% of the samples of <0.5 NTU. Overall, the removal of turbidity within the treatment process was not a statistically significant (P > 0.05) predictor of the removal of Giardia spp. However, there was a significant correlation (P < 0.01) between removal of turbidity and removal of Cryptosporidium spp. (Fig. 1 ). An even better relationship between turbidity and parasite removal was observed when the data were plotted for an individual site ( Fig. 2 and 3) . Particle counts performed close to the date of parasite sampling showed a similar pattern (Fig. 4 and 5). The log1o removal of particles in the range of 5 to 15 1jwm had a correlation coefficient of 0.82 and 0.83 when compared with removals of Giardia and Cryptosporidium spp., respectively. Additional research is necessary to de- termine the best predictor of cyst and oocyst removal. With such research, an appropriate surrogate (e.g., turbidity, particle counts, etc.) could be used to reliably predict treatment plant performance. Treatment efficiency. To estimate the annual risk of Giardia infection from water consumption examined in this study, the removal and inactivation of Giardia cysts on the basis of the credits given in the SWTR were determined. Removal of cysts by treatment was calculated as the logarithmic difference between the raw water (13) and plant effluent Giardia counts. Raw water Giardia levels were doubled to account for the 50% recovery efficiency, while tap water samples were multiplied by 1.43 to adjust for 70% tap water recovery efficiency. When no cysts were detected in treated effluents, the limit of detection method was used. Values were also adjusted to account for the 12.8% viable type cysts observed in raw water (13) . To determine cyst inactivation, data including disinfectant residual, contact time, pH, and water temperature were used to estimate Giardia inactivation from published tables of disinfectant (21) . Theoretical contact times were adjusted by using multipliers of 0.6 and 0.1 to account for short-circuiting of treatment basins for pre-and postdisinfection, respectively. The calculated treatment level (i.e., the sum of removal and disinfection treatment levels) was compared with the recommended level of treatment needed to achieve a 1/10,000 annual risk of Giardia infection (18) .
For presentation of the data in Fig. 6 , the actual treatment level was subtracted from recommended level. A value of zero implied that the treated water met the recommended goal of 1/10,000 annual risk of Giardia infection (20) . Values greater than zero meant that the plant was providing better treatment, while values less than zero signified that the plant was not meeting the 1/10,000 risk assessment level. The results show that 24% of the utilities would not meet the 1/10,000 risk assessment level (Fig. 6 ). Twelve percent of the sites were more than 1 loglo below the recommended treatment goal.
A worst-case scenario, with disinfection at 0.5°C (assuming that filtration efficiency remained the same), estimated that 46% of the plants would not achieve the 1/10,000 risk level (Fig. 7) 
